Extensive sampling of small mammals was conducted in eight provinces of Thailand between September 9, 1992 and April 29, 2001. A total of 3,498 specimens representing 22 species were collected. Eighty-eight percent (3,089 of 3,498) of the animals were collected from a region in Chiangrai Province, which is commonly recognized as endemic for human scrub typhus. Blood and tissue samples from each animal were tested for the presence of Orientia tsutsugamushi, the etiologic agent of scrub typhus. The predominant species collected were Rattus rattus (53%, n ‫ס‬ 1,863), R. losea (18%, n ‫ס‬ 638), Bandicota indica (16%, n ‫ס‬ 564), and R. exulans (4%, n ‫ס‬ 146). Orientia tsutsugamushi was detected in 10 of the 22 species of mammals that included R. bukit (25% infected, 1 of 4), R. rattus (23%, 419 of 1,855) , R. argentiventer (22%, 5 of 23), R. berdmorei (22%, 2 of 9), R. losea (13%, 82 of 638) , B. indica (9%, 52 of 564), R. koratensis (8%, 1 of 12), B. savilei (3%, 1 of 30), R. exulans (1%, 2 of 146), and Tupaia glis (2%, 1 of 49). Infected animals were found in Chiangrai (18% infected, 563 of 3,084), Bangkok (11%, 1 of 9), Sukothai (3%, 1 of 30), and Nonthaburi (1%, 1 of 69) Provinces. The implications towards scrub typhus maintenance and transmission are discussed.
INTRODUCTION
Scrub typhus is an acute febrile zoonotic disease resulting from infection with the gram-negative, intracellular bacteria Orientia (formerly Rickettsia) tsutsugamushi (Hyashi). 1, 2 The disease occurs widely in the Palaearctic, Oriental, and Australasian regions, including southeast Asia where it can account for 10−19% of patients admitted to hospitals with acute pyrexia of uncertain origin. 3, 4 Approximately one million cases occur each year and more than a billion people are at risk worldwide. 2, 5 Clinical manifestations of scrub typhus range from mild fever with few other symptoms to a fatal syndrome characterized by multiple-organ failure. The treatment of choice is doxycycline, but other tetracycline antibiotics and chloramphenicol are commonly used for effective and rapid cure. 6 Scrub typhus is transmitted by several species of larval trombiculid mites, which are commonly known as chiggers. 7 Chiggers are unique among vectors in that they are parasitic in only one stage (i.e., as larvae) and normally attach to and feed upon only a single vertebrate and therefore cannot acquire an infection from one host and subsequently transmit it to a second host. 12 Transovarial transmission is thought to be the only mechanism for maintenance of O. tsutsugamushi in the vector. 8, 9 Infected chiggers can therefore be considered the true hosts of O. tsutsugamushi, and even commonly infected mammals are dead-end hosts rather than true reservoirs. Frances and others 10 demonstrated that O. tsutsugamushi could be transmitted to co-feeding mites, and Takahashi and others 11 were able to infect chiggers fed on wild rodents; however, neither study determined if infected mites transmitted the rickettsiae to their eggs. Traub and others 12 were the first to document horizontal transmission of O. tsustsugamushi, although even this report discussed the possibility that the observation was not representative of natural transmission. In Thailand, Leptotrombidium deliense is the primary vector of scrub typhus; 13 however, several other species have been implicated as vectors and include L. chiangraiensis, 7 L. imphalum, 7 and Blankaartia acuscutellaris. 14 Although rodents may not be the true reservoir of O. tsut-sugamushi, 15 they are critical to the maintenance of the disease. Rodents serve as hosts for chiggers, and chigger distribution often directly reflects the distribution of the rodent host. Foci of infection termed typhus islands have been reported in some areas and described as sharply localized and irregularly scattered areas where transmission is common. 16 The sizes of these foci are determined by the range of vector mites and their maintaining hosts. Evaluation of vertebrates for infection with O. tsutsugamushi and for the presence of vector mites can provide key information on the focality of scrub typhus. [17] [18] [19] In this study, we report O. tsutsugamushi infection rates and chigger infestation rates from small mammals collected from a number of locations throughout Thailand. Primary emphasis was placed on collecting mammals from a region endemic for scrub typhus in Chiangrai Province in northern Thailand.
MATERIALS AND METHODS
Small mammal and chigger collection. All procedures involving animals were conducted under animal use protocols approved by the Armed Forces Research Institute of Medical Sciences Institutional Animal Care and Use Committee. Small mammals were routinely collected during studies on the epidemiology of scrub typhus in Chiangrai, 7, 20, 21 Nonthaburi, 18 and Phitsanulok 21 Provinces of Thailand. Collections in additional provinces were made on an irregular basis. The location of provinces in which collections were made is shown in Figure 1 . The collections reported in this study were made between September 9, 1992 and April 29, 2001. Mammals were captured by hand or in live-capture traps baited with bananas or dried fish, anesthetized with pentobarbitol, identified to species, and examined under a dissecting microscope for chiggers. Following examination, tissue (blood, spleen, and liver) specimens were collected and frozen in dry ice. Animals were then humanely killed with carbon dioxide. Chiggers removed from the host were counted and placed alive in vials moistened with tap water. Chiggers transported in these vials survived several days during transport back to the laboratory in Bangkok. The engorged chiggers were reared to adults, providing specimens that could be identified without preservation or slide-mounting.
This research was conducted in compliance with the Animal Welfare Act and other Federal statutes and regulations relating to animals and experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, NRC Publication, 1996 edition.
Isolation of O. tsutsugamushi. Isolation of O. tsutsugamushi in the laboratory was attempted by inoculation in ICR mice. Tissues harvested from the field-collected mammals were triturated in Ten Broeck tissue grinders (Labglass, Vineland, NJ) in 1.5 mL of Snyder's I tissue culture medium. 7 Approximately 0.2 mL of tissue suspension was inoculated intraperitoneally into three adult mice. A veterinarian observed the mice for 30 days for of O. tsutsugamushi infection (rough coat, inactivity, inappetance). Mice judged to be ill were humanely killed to harvest peritoneal scrapings. The scrapings were examined microscopically for the presence of O. tsutsugamushi using both staining with Giemsa and the direct immunofluorescence assay 22 to visualize rickettsial particles. Mice that did not develop clinical scrub typhus at the end of the 30-day observation period were humanely killed and their sera were assayed for antibody against O. tsutsuga-mushi using the indirect immunoperoxidase test. 7 This procedure was used to ascertain that mice did not develop subclinical infections.
Statistical analysis. Analysis of variance with Tukey's mean separation procedures (P < 0.05) was used to determine if chigger infestation rates varied among three species of rodents collected in three villages in northern Thailand. Pearson's correlation was used to examine relationships between 1) the percentage of animals infested with chiggers and animal infection rates, and 2) the mean number of chiggers infesting a given species and O. tsutsugamushi infection rates in that species.
RESULTS
A total of 3,498 small mammals representing 22 species in six families were collected over the course of the study ( Table  1 ). The predominant species collected were Rattus rattus (53%, n ‫ס‬ 1,863), R. losea (18%, n ‫ס‬ 638), Bandicota indica (16%, n ‫ס‬ 564), and R. exulans (4%, n ‫ס‬ 146). Seventy-eight percent (2,711) of the animals were adults and 58% (2,045) were female. Eighty-eight percent (3,089) of the animals were Table 2) . A total of 2,587 (80%) animals were infested with one or more chiggers, with a total of 153,899 chiggers collected from these animals. The greatest densities of chiggers were found on R. koratensis (mean of 142/animal), Tupaia glis (112), R. argentiventer (78), R. surifer (58), B. indica (57), R. rattus (54), and Menetes berdmorei (53). Sixtysix percent (102,046) of the chiggers were identified to genus and/or species (Table 3) . Leptotrombidium imphalum (62,645) and L. chiangraiensis (6, 701) accounted for 45% of the total collection. Approximately 21% (31,845) and < 1% (1,215) of chiggers were in the genera Ascoschoengastia and Blankaartia. The distribution of the different genera and/or species of chiggers on the different species of mammals is shown in Table 3 .
Orientia tsutsugamushi was isolated from 16% (566) of the 3,498 small mammals tested ( (Table 4 ). Overall, a significantly higher proportion of sub-adults (21%; 166 of 786) were infected with O. tsutsugamushi than adults (15%, 400 of 2,712). Rattus rattus was the only animal species with higher O. tsutsugamushi infection rates in the sub-adult population than in the adult population ( Table 4 ). None of the laboratory mice that failed to develop clinical symptoms of scrub typhus following inoculation with tissue samples from the field-collected animals was positive by the indirect immunoperoxidase test. These data suggested that this method was effective for detecting O. tsutsugamushi.
Eighty-four percent (2,951 of 3,498) of all rodents evaluated in this study were B. indica, R. losea, or R. rattus that had been collected in the villages of MaeSad, PaGook, and Nongrouk in Chiangrai Province (Table 5 ). For all three species of rodent, O. tsutsugamushi infection rates were highest in Pa-Gook village and lowest in MaeSad village. There were no differences in the number of chiggers found on B. indica in any of the three villages, with a mean ± SEM of 54.4 ± 3.9 chiggers/animal. Fewer chiggers were found on the infected animals than on the uninfected animals ( Table 5) . A mean ± SEM of 25.4 ± 1.4 chiggers were found on all R. losea. Significantly more chiggers were found on the R. losea collected in Nongrouk village than in PaGook or MaeSad villages. More chiggers were found on infected R. losea collected in MaeSad and PaGook villages compared with uninfected R. losea, whereas, more chiggers were found on uninfected R. losea collected in Nongrouk village ( Table 4) . A mean ± SEM of 50.1 ± 1.6 chiggers were found on all R. rattus. Significantly more chiggers were found on R. rattus collected in Nongrouk village than in either MaeSad or PaGook villages. Although R. rattus in PaGook village had higher O. tsutsugamushi infection rates compared with the other villages, R. rattus in PaGook were infested with significantly fewer chiggers than animals in either of the other villages. In contrast, uninfected R. rattus collected in Nongrouk village had significantly more chiggers than did uninfected R. rattus collected in either Mae-Sad or PaGook villages.
DISCUSSION
The role of mammals as reservoirs of O. tsutsugamushi remains a controversial topic. Although studies by Traub and others, 12 Walker and others, 8 Takahashi and others, 11 and Frances and others 10 have demonstrated that chiggers can acquire O. tsutsugamushi during the feeding process, to date mammals have not been shown to play a conclusive role in the cyclical transmission of this pathogen. 13 In spite of this, rodents play a key role in the epidemiology of scrub typhus, as rodents serve as maintenance hosts for the vector mites. 15 Although a total of 22 species were collected in this study, only R. rattus (53%, 1,855 of 3,485), R. losea (18%, 638 of 3,485), B. indica (16%, 564 of 3,485), and R. exulans (4%, 146 of 3,485) were collected in significant numbers ( Table 1 ). The dominance of these species could have been due to the trap- (Table 4 ). Ninety-eight percent (553 of 565) of infected mammals belonged to these three species. There was no significant correlation between the percentage of animals of a given species infested with chiggers and O. tsutsugamushi infection rates (r 2 ‫ס‬ 0.16), nor was there a correlation between the mean number of chiggers per individual of a given species and O. tsutsugamushi infection rates (r 2 ‫ס‬ 0.02). Although we did not determine chigger infection rates, these data suggest that infection rates in the different species of mammals may be independent of chigger densities. Strickman and others 23 reported that B. savilei mounts a vigorous immune response that limits the infection in this species to no more than 2−3 weeks. In contrast, many Rattus species maintain O. tsutsugamushi infections for months or longer. 12, 24, 25 For example, O. tsutsugamushi was isolated up to eight weeks after attachment of a single infected L. deliense larva on R. rattus. 26 Differences The question of whether a particular species of rodent is important in maintaining a scrub typhus focus has practical significance in this age of ever increasing world trade and transportation. Introduction of the right species of rodent with its associated chiggers could conceivably start a focus of scrub typhus in a new area. Experimental studies with species of rodents most likely to get exported to other parts of the world (e.g., R. exulans, R. losea) might be the most appropriate means of determining whether their invasion of new areas would expand the range of scrub typhus. 
